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There is growing interest in the capacity of mangrove ecosystems to sequester and store 'blue carbon'. Here, we provide a synthesis of 66 dated sediment cores with previously calculated carbon accumulation rates in mangrove ecosystems to assess the effects of environmental and anthropogenic pressures. Conserved sedimentary environments were found to be within the range of the current global average for sediment accretion (approx. 2.5 mm yr -1 ) and carbon accumulation (approx. 160 g m 22 yr
21
). Moreover, similar sediment accretion and carbon accumulation rates were found between mixed and monotypic mangrove forests, however higher mean and median values were noted from within the forest as compared to adjacent areas such as mudflats. The carbon accumulation within conserved environments was up to fourfold higher than in degraded or deforested environments but threefold lower than those impacted by domestic or aquaculture effluents (more than 900 g m 22 yr
) and twofold lower than those impacted by storms and flooding (more than 500 g m 22 yr
Introduction
Coastal wetlands are recognized for their significant role in supporting blue carbon accumulation [1, 2] , as vegetal biomass is deposited and conserved in their sediments for long periods of time [3, 4] . Among these ecosystems, mangroves are considered as one of the most productive, being up to fivefold higher in terms of gross primary production and twofold higher in terms of carbon accumulation rates in comparison with those areas without vegetation cover, including non-vegetated areas within estuaries, shelf and deltaic environments [5, 6] . Besides the wealth of environmental services that these ecosystems provide, mangroves are also fundamental in governmental policies (e.g. carbon credit policies) owing to their high atmospheric carbon sequestration capacity [1, 3] . This is because, in spite of the fact that mangroves cover less than 1% of global coastal areas, these ecosystems represent up to 15% of organic carbon accumulation in coastal sediments [6, 7] . Mangroves are able to store more than 900 Mg ha
21
, which is up to four times more organic carbon accumulation capacity than other systems such as saltmarshes and seagrass meadows with averages of near 600 and 200 Mg ha 21 , respectively [1] . Most of the carbon sequestered in the mangrove sediments is derived from autochthonous organic matter, representing approximately one-third of the mangrove vegetation net production [8, 9] . The remaining fractions correspond to organic matter derived from & 2018 The Author(s) Published by the Royal Society. All rights reserved.
allochthonous organic matter (e.g. benthic and algae production as well as particulate carbon derived from nearby coastal systems) [5, 6, 10] .
Current studies have reported that under conserved conditions, mangrove ecosystems accumulate approximately 160 g m 22 yr 21 of organic carbon [11] . However, carbon accumulation may reach rates of up to 1000 g m 22 yr
within mangrove forests receiving large loads of nutrients, including from aquaculture ponds and domestic effluents [1, 2] . This substantial accumulation capacity defines mangroves as key ecosystems in terms of removing carbon from the water column as well as the atmosphere and storing it within their sediments [1, 11] . The aim of this work is to estimate the effects of environmental and anthropogenic pressures on total organic carbon (TOC) accumulation along diverse mangrove ecosystems around the globe and to determine how these pressures may influence the blue carbon storage capacity of these ecosystems.
Methods
This work was conducted by collecting data from the literature that used comparable 210 Pb or 137 Cs dating methods to calculate sediment accretion and TOC accumulation rates within mangrove ecosystems. In order to generate a robust dataset, Google Scholar and Web of Science search engines were used. The dataset included studies in both conserved (e.g. under natural conditions) and impacted mangrove ecosystems (e.g. degraded/ deforested, impacted by storms/natural flooding, impacted by urban effluents/aquaculture activities) within different types of sedimentary environments: mangrove forest and adjacent sites (margin and mudflat; electronic supplementary material, table S1). The dataset also presents sampling locations, as well as a climatic and mangrove species description. Sixty-six individual sediment core records were considered for TOC accumulation and sediment accretion rates (SAR; electronic supplementary material, table S1). Since a previous Shapiro-Wilk Normality Test (a ¼ 0.05) showed that the dataset followed a non-normal distribution for TOC ( p-value 0.0001) and SAR ( p-value 0.0001), the determination of differences among regions, environmental condition, mangrove composition and sedimentary environments were evaluated by Kruskal-Wallis analysis of variance (a ¼ 0.05) (electronic supplementary material, table S2). Also, because of the non-normal distribution of the dataset, the results are displayed in boxplot diagrams showing the median and arithmetic mean for carbon accumulation and sediment accretion.
Results and discussion
The distribution of sediment accretion (mm yr
21
) and carbon accumulation rates (g m 22 yr
) within the forests and adjacent sites (margin and mudflat environments) in mangrove ecosystems exhibited non-significant differences among regions (electronic supplementary material, table S2). Previous studies have indicated that although mangrove biomass and litter fall production presents a pronounced regional trend, with highest rates near the equator [12] , variations in sediment accretion and carbon accumulation rates are influenced by a combination of many local factors (e.g. geomorphology, vegetation cover, flooding frequency, hydrological regime and anthropogenic influence). These factors may contribute to the high spatial variability found in this work [11, 13] . It is worth noting that carbon accumulation and SAR for most of the regions exhibited higher mean and median values within mangrove forest as compared with the adjacent sedimentary environments (e.g. margin and mudflat environments; figure 1a). These observations are in agreement with studies describing that vegetated areas promote higher sedimentation rates because mangroves consist of dense root systems that provide stability in muddy waterlogged sediments, which reduce several hydrological impacts (e.g. velocity of tidal water and river water flow) [1, 8] . These processes facilitate the higher sedimentary carbon deposition in comparison with non-vegetated areas [4, 5] .
A previous assessment revealed that mixed mangrove forests may contain up to 20% higher organic carbon stocks in comparison with those from within monotypic forests (e.g. if more than 75% of the ecosystem were dominated by a single genus of mangrove) [14] . figure S1 ). These observations suggest that the presence of mixed mangrove vegetation may contribute in facilitating the carbon accumulation within the sediment profile, because a combination of different types of mangrove roots may reduce the sediment transport triggered by the hydrological and tidal regimes [15] . Also, many studies have described significantly higher sedimentation rates in areas with a greater presence of roots and pneumatophores [16] , which is congruent with our observations suggesting that vegetated areas are hotspots of sediment and carbon accumulation (electronic supplementary material, figure S1). As described in Atwood et al. [14] for carbon stocks, these observations do not necessarily imply a causal link between mangrove community composition and enhanced carbon accumulation, and that global trends should be taken into account when considering their preservation, afforestation and reforestation, owing to their important role in blue carbon accumulation [1, 5] .
Since mangrove ecosystems are very dynamic, the need to consider natural and anthropogenic factors in assessing sediment accretion and carbon accumulation rates within different sedimentary environments is important (e.g. forest, margin and mudflat areas) [12] . Here, we calculated and grouped the sediment accretion and organic carbon accumulation by type of environmental condition (i.e. conserved, impacted by degradation or deforestation, impacted by storms or natural flooding, and, impacted by urban effluents or aquaculture activities; electronic supplementary material, ) [5, 11] , respectively. However, our observations indicate that the organic carbon accumulation rates under conserved conditions may be up to fourfold higher than those values observed for degraded mangrove ecosystems (figure 2) and up to threefold and twofold lower than those carbon accumulation rates observed for mangroves affected by anthropogenic and natural impacts, respectively (figure 2). In addition, significantly higher sediment accretion within mangrove forests in comparison with those values from the adjacent areas is noted (electronic supplementary material, table S2). However, significantly higher organic rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180237 carbon accumulation and SAR were found in adjacent sites that were impacted by anthropogenic effluents (electronic supplementary material, table S2).
Under conserved conditions, the carbon accumulation within mangrove forests was found to be mostly derived from mangrove vegetation and autochthonous phytoplankton rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180237 production [2, 8] . However, mangrove ecosystems impacted by anthropogenic effluents may trigger an exponential increase in algae and cyanobacteria productivity in the water and sediments columns [14] , resulting in the establishment of eutrophic conditions within both mangrove forests and adjacent sites (figure 1b). These processes may positively influence the organic carbon accumulation rates within both impacted sedimentary environments [17] . This is in agreement with our observations, in which significantly higher sediment accretion and organic carbon accumulation were observed within ecosystems impacted by effluents at the adjacent sites (e.g. margin and mudflat; electronic supplementary material, table S2), which are typically closer to the effluent source [1] . The sediment accretion and organic carbon accumulation rates found at the sites impacted by effluents were twofold and fourfold higher, respectively (figure 2), as compared to conserved or degraded areas. This demonstrates the importance of mangrove ecosystems, including the margins and mudflat, in effectively filtering and sequestering carbon and nutrients, preventing the exportation of these substances to the atmosphere and coastal ocean.
Mangroves are also subject to natural temporal and spatial variations (e.g. tidal regime, river water flow, heavy rains, storms, tsunamis, etc.) [3, 18] . Our observations suggest that mangrove ecosystems affected by natural impacts such as storms and frequent flooding tend to accumulate more carbon than conserved ecosystems (figure 1b), with higher values within vegetated areas compared to adjacent sites (electronic supplementary material, table S2). These differences are likely the result of the trapping of material derived from storms (e.g. fallen vegetation) by mangrove root systems, facilitating higher sediment accretion and organic carbon accumulation, whereas the hydrological mechanisms in non-vegetated areas may facilitate the transport of material and sediments into nearby forests [19] .
However, the anthropogenic deforestation of mangroves has increased at a rate of 1% yr 21 [20] , reducing the carbon accumulation capacity of these ecosystems as noted by the lowest organic carbon accumulation that was found in the degraded mangroves (figure 1b). This likely reflects the transport and loss of organic matter accumulation capacity owing to the lack of mangrove vegetation in these impacted mangroves [19, 20] . Indeed, the degraded mangrove forests exhibited significantly lower organic carbon accumulation rates (electronic supplementary material, table S2) in comparison to the other areas affected by different environmental conditions (e.g. affected by anthropogenic effluents or natural impacts; figure 1b), which evidences the impact of mangrove degradation or deforestation on blue carbon accumulation. Finally, generally higher SAR were noted within impacted mangrove forests (electronic supplementary material, table S2), suggesting a sudden input of sediments and particulate organic matter derived from storms, deforestation products or anthropogenic effluents [21] . However, factors such as geomorphology, hydrological regime or natural flooding may also modify the sediment accretion, and thereby influence the carbon accumulation within impacted and conserved mangroves [22, 23] . It is worth noting that the degraded mangrove ecosystem was the only category of impacted systems in which no correlation between sediment accretion and organic carbon accumulation was found (figure 2), reflecting a significant disruption in sedimentary processes.
Conclusion
Although regional patterns in organic carbon accumulation were not distinguishable, the results reported here suggest that the storage capacity of carbon within mangrove ecosystems depends on their capability to mitigate the effect of anthropogenic eutrophication and withstand natural impacts such as storms and flooding. Furthermore, we show here that vegetated mangrove areas are able to accumulate more sedimentary carbon as a response to storms, tsunamis and other hydrological impacts in comparison with non-vegetated or degraded areas. These observations demonstrate that the conservation of these ecosystems may provide an important CO 2 sink, including in regions where anthropogenic and natural pressures are a constant threat.
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